The low energy part of the reactor neutrino spectra has not been experimentally measured. Its uncertainties limit the sensitivities in certain reactor neutrino experiments. The origin of these uncertainties are discussed, and the effects on measurements of neutrino interactions with electrons and nuclei are studied. Comparisons are made with existing results. To optimize the sensitivities, experiments forν e -e cross-sections measurements should focus on events with large (>1.5 MeV) recoil energy while those for neutrino magnetic moment searches should be based on events <100 keV. The merits and attainable accuracies for experiments using artificial neutrino sources are discussed.
Introduction
Nuclear power reactors are intense (and readily available) source of electron anti-neutrinos (ν e ) at the MeV energy range. It remains an important tool in the experimental studies of neutrino properties and interactions.
Many neutrino oscillation experiments [1, 2] have been performed or are being constructed based on the interactions ofν e on proton, usually in the form of hydrogen in liquid scintillator:ν e + p → e + + n .
(1)
With an interaction threshold of 1.8 MeV and a typical positron detection threshold of > 1 MeV, the "reactor neutrino spectra" [φ(ν e )] above 3 MeV has to be known to derive the physics results.
There are by-now standard procedures to evaluate φ(ν e ) based on the reactor operation data. An accuracy of up to 1.4% between calculations and measurement has been achieved in the integrated flux [3] . The measured differential spectrum from the Bugey-3 experiment [4] was compared to three models of deriving φ(ν e ). The best one gave an accuracy of better than 5% from 2.8 MeV to 8.6 MeV neutrino energy, while the other two gave discrepancies to the 10-20% level in part of this energy range.
The conclusion of these studies is that φ(ν e ) above 3 MeV can be considered to be calculable to the few % level. Therefore, long-baseline reactor neutrino oscillation experiments which focus on the large mixing angles (big oscillation amplitudes) and push on the ∆m 2 : Chooz and Palo Verde which have been performed as well as KamLAND and Borexino under construction, do not require a "Near Detector" for the flux normalization purposes.
However, the φ(ν e ) below 3 MeV was not measured experimentally, and not thoroughly addressed theoretically. In Section 2, we summarizes the essence of the the calculations of reactor neutrino spectra, and describes the origins of the uncertainties at low energy. The potential contributions of these effects to the experimental uncertainties are discussed. In particular, we investigate the case of neutrino-electron (ν e -e) scatterings in Section 3, and show how the uncertainties in the low energy part of the reactor neutrino spectra will limit the sensitivities in the cross-section measurements as well as the search of neutrino magnetic moments. Other cases on the study of neutrino interactions on nuclei are discussed in Section 4.
Reactor Neutrino Spectra
Electron anti-neutrinos are emitted in a nuclear reactor through β-decays of unstable nuclei produced by the fission of the four major fissile elements in the fuel: 235 U, 238 U, 239 Pu, 241 Pu. Hundreds of different daughter nuclei are involved, each having its own decay life-times and branching ratios as well as Kurie distributions which are not completely known. To calculate the overall φ(ν e ), one must base on inputs derived from two alternative approaches: (I) modelings on the level densities and nuclear effects [5] , or (II) the measurements of β-spectra due to neutron hitting the fissile isotopes [6] . The Bugey-3 experiment compared their data with these approaches [4] and concluded that the predictions of φ(ν e ) from (II) at the range E ν ∼2. 8-8.6 MeV are consistent with measurements to the <5% level. The agreement from (I) with data and with (II) are typically at the 10% level, and can deviate to 20% level at part of the energy range. The Bugey-3 results were in contradiction to Ref [7] which claimed a discrepancy with (II) by 10% in spectral shape. In addition, the non-equilibrium effects at this energy range were studied recently [8] , suggesting that the corrections may be as large as 25% for reactor neutrino oscillation experiments.
All these intensive and comprehensive efforts were focussed on oscillation studies with proton target [9, 10] in Eq. 1. They may be inadequate for the other experiments with reactor neutrinos. In particular, there is no measurement of φ(ν e ) below E ν ∼2.8 MeV, and theoretically this energy range has not been calculated in a systematic way. The only compilation come from Ref. [11] which is based on a summation of the allowed beta decays of all fission fragments. Their results showed a rather complicated spectrum with discontinuities originated from the end-point effects of the many β-spectra.
There are many effects which one may have to take into account when dealing with φ(ν e ) at low energy. There are many more β-decays with Q-values less than 3 MeV that have to be modeled on with Approach (I). While for (II) whose input gives best consistency with the Bugey-3 data, the measurements were performed with an exposure time for neutrons on 235 U of 15 hours which is sufficient only to bring the β-activities above 3 MeV into equilibrium, and the measured β-spectra had a threshold of 2 MeV kinetic energy for the electrons. That is, fission products with live-time longer than 10 hours and β-decays with end-points less than 2 MeV are not accounted for in Approach (II) and would contribute to the uncertainties in the evaluation of φ(ν e The treatment is even more complicated for those with life-times comparable to a reactor cycle (12 to 18 months). During the reactor shut down, typically only a fraction of the fuel elements are replaced, and the spent fuel are temporarily stored in the water tank within the reactor building (that is, in the vicinity to the experimental site). The old and new fuel elements are usually re-oriented within the core for the next cycle. To illustrate the complications with a notable example, 90 Sr which has a half-life of 29.1 y and a cumulative yield of 5.4% per 235 U-fission [12] , would give rise to two subsequent β-decays with maximum E ν of 0. Neutrons produced in fission can be absorbed by the fission fuel elements as well as by the surrounding materials. Some of the final states are unstable and can lead to β-decays emittingν e (as well as a smaller fraction of ν e 's from isotopes which decay via electron captures and β + -emissions). Almost all such processes have Q-values below 3 MeV and hence contribute only to the low energy part of φ(ν e ). The major contribution from this category [10, 13] is expected to be from the reaction 238 U(n, γ) 239 U, which gives rise to subsequent β-decays via 239 U(T1
Pu . This and other processes can play a significant role to the φ(ν e ) below 1.5 MeV. The flux is comparable to that due to β-decays of fission daughters. The complicated non-equilibrium effects for both Reactor ON and OFF periods [14] from this neutron capture channel will contribute further to the uncertainties in the description of φ(ν e ) at low energies. Meticulous book-keeping and complicated calculations are necessary to account for the various effects.
All these processes are not yet quantitatively addressed. In addition, errors in the evaluation of φ(ν e ) have high tendencies to be under-estimations: that is, due to some physical processes not accounted for. This would give rise to an excess of events which may mimic positive signatures for anomalous effects. Therefore, one should be cautious on the derivations of the low energy part of φ(ν e ) and the estimation of their uncertainties, as well as on the conceptual design of experiment and the interpretation of data where the low energy part plays a role, such as in neutrino-electron scatterings. Further work on the calculations of the low energy part of φ(ν e ) and demonstrations of their accuracies would be of interest.
Neutrino-Electron Scatterings
Experiments on neutrino-electron (ν e -e) scatterings [15] ν e + e − →ν e + e − .
(2) provide measurements of Standard Model parameters (g V ,g A ) for electroweak interactions. The process is also a sensitive way to study the electromagnetic form factors of neutrino interactions with the photons, and in particular, the neutrino magnetic moments [11] . There are previous [16, 17, 18] and current [19, 20] experiments pursuing this subject.
The experimental observable is the kinetic energy of the recoil electrons(T). Following Ref. [11] , the differential cross section is given by :
The Standard Model(SM) term is
where g V = 2 sin 2 θ W − 1 2 and g A = − 1 2 for ν µ -e and ν τ -e scatterings which proceed via neutral-currents only, and g V → g V + 1 and g A → g A + 1 for ν e -e scatterings, where both charged-and neutral-currents are involved. The expression can be modified forν e -e scatterings by making the replacement g A → −g A to account for the effects due to different helicities. The magnetic moment(MM) term is a non-Standard Model process given by
where the neutrino magnetic moment µ ν is often expressed in units of the Bohr magneton(µ B ). The process can be due to diagonal and transition magnetic moments, which change only the spins and both the spins and flavors, respectively. The MM term has a 1/T dependence and hence dominates at low electron recoil energy. The expected recoil differential spectrum is depicted in Figure 1a . At energy transfer comparable to the inner-shell binding energies of the target, a small and known correction factor has to be applied to the cross section formulae [21] .
The interactions of ν µ -e/ν µ -e [22] and ν e -e [23] have been studied with high energy and intermediate energy accelerator neutrinos already. Althoughν e -e have been observed with reactor neutrinos [16, 17, 18] , the MeV-energy range is still a relatively untested range where there are still big uncertainties in the measured cross-sections. Indeed, the results of Ref. [16] give rise to different levels of consistencies (or slight discrepancies) with the Standard Model expectations when different φ(ν e ) were used [16, 24, 11] .
The studies of theν e -e process with reactor neutrinos provide complementarity to the ν-e scattering results by the other neutrino flavors at different energy scales, as depicted schematically in the g V versus g A plot in Figure 2 . Bothν e -e and ν e -e proceed via both the charged-and the neutral-currents [15] channels. The interference effects have only been studied in the ν e -e system [23] . The fact the ν e -e scattering can proceed via both W and Z exchanges, while ν µ -e and ν τ -e are purely neutral-current processes, is the physics-basis of resonance neutrino oscillation in matter (the "MSW" Effect) [1] . In addition, the ν e -e interactions at the MeV range are the major detection channels of solar neutrino counter experiments [2] .
Several experiments reported evidence of neutrino oscillations and hence the existence of neutrino masses and mixings [2] . Neutrino magnetic moments are necessary consequences of finite neutrino masses. A simple extension of the Standard Model with radiative corrections permits massive Dirac neutrinos to acquire a diagonal magnetic moment [25] which is too small to be realistically measure-able or of astrophysical significance. However there are models which can significantly enhance µ ν even for small neutrino masses [25] , for instance, by including right-handed currents and transition magnetic moments. It has been pointed out that the range of µ ν e ∼ 10 −10 µ B would produce the observed solar neutrino deficit [26] − although the lack of variation of the deficit within a solar cycle [27] contradicts this hypothesis. Alternatively, the measured solar neutrino ν e -e spectra has been used to set limit on "µ ν ⊙ " [28] , which has different meaning to the laboratory limits due to possible MSW effects in the Sun.
There are astrophysical arguments [25] from nucleosynthesis, stellar cooling and SN1987a which placed limits of µ ν < 10 −12 − 10 −13 µ B . However, these limits are not robust since the analysis are model-dependent and involves assumptions such as that right-handed neutrinos can escape from the stars.
In addition, the interaction vertex probed by the studies of neutrino transition magnetic moment is the same as that giving rise to the neutrino radiative decays [29] 
Electron-neutrino scattering can therefore provide high sensitivities to the neutrino radiative decay lifetime, which are competitive even to the limits derived in supernova SN1987a [30] .
It is therefore important to pursue furtherν e -e measurements with controlled "laboratory" experiments using reactor neutrinos − to improve on the uncertainties of the SM parameters and as a possible channel to look for anomalous neutrino interactions, such as those due to a finite neutrino magnetic moment.
Reactor Neutrino:ν e -e Scatterings
In this Section, we investigate the effects of uncertainties in φ(ν e ) to the sensitivities of SM cross-section measurements and limits of MM searches. The prescriptions for evaluating φ(ν e ) from Ref. [11] were adopted. Since only the relative errors are considered, the conclusions would be independent of the fine details of the models used. The uncertainties in φ(ν e ) were parametrized by two variables ξ and ∆ such that the spectra above and below ξ are taken to be known to 5% and ∆%, respectively.
The correlations between electron recoil energy (T) and neutrino energy (E ν ) for both SM and MM processes (Eqs. 4 and 5, respectively) due to φ(ν e ) are displayed in Figure 3a and 3b, respectively. Both distributions peak at small E ν and T. The contours represent equipartition levels of event rates normalized to the largest value at the innermost contour. It can be seen that (1) mostν e -e events for both SM and MM are of low recoil energies, and (2) they are mostly due to interactions by low energy neutrinos, the contributions of which are more pronounced in MM than SM. As illustrations, 84%, 64% and 29% of thē ν e -e SM scattering events at 100 keV recoil energy are due to neutrinos with energy less than 3, 2 and 1 MeV, respectively.
In addition to the contributions from the uncertainties of φ(ν e ) to the SM (δ SM ) and MM (δ MM ) cross-sections, the overall accuracy (δ total ) in a typical reactor experiment depends also on the measurement uncertainties (δ det ) which include the combined effects of the experimental systematic and statistical errors, including those introduced in Reactor ON−OFF subtraction. In the case where the MM contributions are negligible, one can write δ total 2 = δ det 2 + δ SM 2 .
To achieve reasonable statistical accuracy, most experiments compare data above a certain detection threshold with the integrated cross sections. The integral recoil spectra for different threshold is shown in Figure 1b . The SM contribution is of the order of 1 kg −1 day −1 at the typical parameters for reactor experiments and detection threshold of less than 100 keV Choosing the conservative but realistic values of ∆=30% and ξ=3 MeV, the attainable total "1-σ" accuracies for the SM cross section are evaluated and depicted in Figure 4a as a function of detection threshold for different values of the measurement error δ det . Also shown are sensitivities for the detection ranges of R 1 =5-100 keV and R 2 =0.5-2 MeV, which corresponds to the ranges for the on-going experiments Kuo-Sheng [20] and MUNU [19] , respectively. It can be seen that, for the same δ det , measurements with a low threshold are limited by the uncertainties in φ(ν e ). An experiment optimized for SM cross-section measurements should base on events at higher recoil energy (above 1.5 MeV) while trying to compensate on the loss of statistics using large target mass: that is, keeping threshold high without compromising δ det .
In an analysis where the magnetic moment effects are studied, the contributions from δ MM should be taken into considerations. Since the uncertainties in the evaluation of φ(ν e ) will translate into correlated errors of the same sign for both δ SM and δ MM , the combined experimental uncertainties can be written as
That is, an under-estimation of φ(ν e ) would leads to an excess of events after Reactor ON/OFF subtraction which can be taken as signatures of positive magnetic moments. The positive signal would give rise to bigger values of µ ν when one uses this same underestimated φ(ν e ) to evaluate the magnetic moment.
The attainable MM limits at 90% confidence level (CL) can be derived from δ total , and are displayed in Figure 4b as a function of threshold and for different values of δ det . The sensitivities trend is distinctively different from that of SM cross-section measurements in Figure 4a . The SM cross-section becomes "background" to MM searches, such that in the parameter space where SM interactions dominate, the SM uncertainties will get amplified by the big SM:MM ratio in the derivation of magnetic moments. The MM effects, therefore, should be investigated at regions where MM is much larger than SM, that is, at low recoil energies. The structures at 1-3 MeV for small δ det are due to the sharp transition at ξ=3 MeV in modeling the φ(ν e ) uncertainties. The more realistic description is that ∆ would increase continuously as E ν drops below 3 MeV. Figure 4b indicates several strategic features in the experimental search for neutrino magnetic moments with reactor neutrinos. In the scenario where δ det =30%, (1) experiments with threshold of >1 MeV recoil energy cannot probe below 10 −10 µ B , (2) experiments with range R 2 cannot probe below 1.2 × 10 −10 µ B , and (3) a sensitive search should be conducted with as low a threshold as possible and preferably with a high energy cut-off. The sensitive region can be down to 3 × 10 −11 µ B for the R 1 range.
To investigate the effects of ∆ keeping ξ=3 MeV, the sensitivities for both SM cross section measurements and MM limits are shown in Figures 5a and 5b , respectively, in the case of a perfect experiment achieving δ det =0%, for various thresholds as well as for ranges R 1 and R 2 . In these cases, the sensitivities are limited only by the uncertainties of φ(ν e ). The differences in the attainable sensitivities among the different energy ranges are very distinct between the two measurements. A high threshold value provides best sensitivities in SM cross-sections while a restricted low energy range R 1 is optimal for MM searches. As depicted in Figure 5a , A δ total < 10% SM measurement is in principle possible using a high threshold (>1.5 MeV) experiment even for ∆=30%. The sensitivities are limited by experimental uncertainties δ det instead. On the other hand, measurements based on low energy data will require improving ∆ to better than 10% to achieve the same sensitivities. Figure 5b shows that the R 1 -class of experiments are the least sensitive to the uncertainties in φ(ν e ), even for very big ∆. If the entire φ(ν e ) can be known to 5%, such experiments can probe the region down to 10 −11 µ B . In contrast, the goals of the R 2 -class experiments to get to better than 10 −10 µ B should be complemented by a demonstration of the control of the low energy part of reactor neutrino spectrum to the <20% level.
The effects of the uncertainties in φ(ν e ) to the derived magnetic moment limits were not discussed in the previous published work [16, 17, 18] . As illustrations, theν e -e reactor experiment in Ref [16] had a threshold of 1.5 MeV and an uncertainty in the SM crosssection measurement of δ det =29%. A reanalysis of these results by Ref [11] with improved input parameters on φ(ν e ) and sin 2 θ W gave a positive signature consistent with the interpretation of a finite magnetic moment at (2 − 4) × 10 −10 µ B . A possibility to mimic the effect of magnetic moment at 2 × 10 −10 µ B could be an under-estimation of φ(ν e ) by ∆=57% below 3 MeV. Taking this value of ∆ to be the characteristic uncertainties in the low energy parts of φ(ν e ), it can be inferred from Figure 5b that the attainable sensitivities for µ ν for R 1 -and R 2 -classes of experiments are 4 × 10 −11 µ B and 1.6 × 10 −10 µ B , respectively. Similarly, measurements from Ref. [18] were based on the range of 500 keV to 2 MeV, and had an experimental uncertainty of δ det =50%. The quoted upper limit of 1.5 × 10 −10 µ B at 68% CL corresponds to a maximum allowed ∆=65%. While the values of ∆ have to be large to affect the results from previous experiments, they must be taken into account in the current and future projects whose goals are to probe the level of µ ν < 10 −10 µ B .
It should be emphasized that the "attainable sensitivities" presented in this section are based on measurements of integrated cross sections within a specified energy range of electron recoil energy (that is, counting experiments). In the cases where statistics are more abundant such that differential cross section measurements are possible, sensitivities can be further enhanced by considering the spectral shape. Nevertheless, the generic conclusions are still valid, that (a) experiments for SM cross-section measurements should focus on large (>1.5 MeV) recoil energies, where the events are due mostly to the E ν > 3 MeV which is well-modeled, and (b) experiments for MM searches should focus on the R 1 -class energy ranges, where the uncertainties from SM contributions are minimized, and the 1 T spectral shape would provide further constraints. Technically, the R 1 -class experiments would be similar to those for the searches of Cold Dark Matter [31] . The new challenges will be to control the ambient background in a surface site − and in the vicinity of a power reactor core. Detectors with highpurity germanium crystals [20, 32] and crystal scintillators [20] have been discussed. An experiment is being pursued at the Kuo-Sheng Reactor in Taiwan [20] .
Neutrino Source: ν e -e Scatterings
Experiments on ν e -e scatterings have been performed at medium energy accelerators [23] . Sources of ν e from 51 Cr have been produced for calibrating the gallium solar neutrino experiments [33] .
The study of neutrino magnetic moments with artificial neutrino sources have been discussed [34, 35] . In a similar spirit, the sensitivities on SM cross section measurements and MM limits using a ν e mono-chromatic source are studied. The differential cross sections for both SM and MM at 10 −10 µ B are shown in Figure 6 for two illustrative cases: 51 Cr at 750 keV and 55 Fe at 230 keV. The attainable MM limits as a function of E ν for different δ det are shown in Figure 7 . The detection threshold for the recoil electrons is taken to be 1 keV. The δ det represents here the combined uncertainties due to the experiments and the measurements of source strength. For instance, if a 1% measurement can be made, the MM sensitivities of < 10 −11 µ B may be probed.
In principle, experiments with neutrino sources allows better systematic control and more accurate "SOURCE-OFF" background measurements. Specific spectral shape for the final-state measurables can be studied. For instance, the energy of the final-state electron spectra in ν e -N charged-current interactions would also be delta-functions, as considered in the calibration measurements in the proposed LENS project [36] . An interesting extension to the ν e -e scattering studies is the study of the "Compton" edges due to scatterings of the mono-energy ν e , an experimentally cleaner signature.
To probe MM sensitivities to the 10 −12 µ B level and beyond, new technologies such as the various cryogenic detectors with much lower (100 eV or less) detection threshold have to be developed − a formidable experimental challenge. Below 1 keV electron recoil energy, the "neutrino-related-background" for reactor neutrino experiments will be dominated by the coherent scatterings on nuclei [1, 37] . To minimize the contributions of the SM background of both ν-e and ν-N coherent scatterings, low energy neutrino sources will be appropriate. Schemes are considered using tritiumν e source where E ν max = 18.6 keV [35] . Reactor neutrinos can still be of use only if the detector can provide very good event identification capabilities, such as by pulse shape discrimination (PSD) techniques, to differential electron from nuclear recoils.
Experimentally, however, the statistical accuracy should also be put into considera-tions. A neutrino "point" source of 1 MCi strength placed at the center of a spherical detector of radius 1 m is equivalent to an exposure to a homogeneous flux of 8.8 × 10 11 cm −2 s −1 , as compared to that for typical reactor experiments at 10 13 cm −2 s −1 . Coupled with the tremendous efforts and expenses of producing the neutrino sources as well as their finite lifetimes (for instance, τ1 2 = 28 days for 51 Cr), reactor neutrinos still offer advantages in the study of low energy neutrino physics.
For completeness and comparison, we mention that nuclear power reactors also produce ν e [38] , expected to be predominantly from 51 Cr and 55 Fe via neutron activation of the equipment and building materials, at the estimated level of about 10 −3 ν e /ν e . The effects from the small contaminations of ν e on the measurements ofν e are therefore negligible. Since the unstable parent isotopes have relatively long half-lives, experimental studies with ν e can in principle be performed by studying the transient effects after the reactor is switched OFF, where the signatures would have the characteristic half-lives, such as that of 28 days in the case of ν e 's from 51 Cr. Such experiment has been considered to study the anomalous matter effects of ν e which may be absent inν e [39] .
Neutrino Interactions on Nuclei
Neutrino cross sections on nuclei is another subject which can be studied with reactor neutrinos. The charged-and neutral-currents interactions on deuteron have been experimentally measured [40] , while neutral-current excitations have been studied theoretically [41] . Theν e N charged-current interactions have also been discussed in connection to the detection of low energyν e from the Earth [42] . It is therefore relevant to study the attainable accuracies of these cross-sections with reactor neutrinos under the scenarios mentioned above.
The neutral-current excitation processes:
have the dependence
where E ex is the threshold excitation energy. It has been observed only in the case of 12 C with accelerator neutrinos [43] . Theoretical work [44] suggests that these cross sections are sensitive to the axial isoscalar component of the weak neutral-current interactions and the strange quark content of the nucleon.
The attainable accuracies as a function of E ex at δ det = 0 for different values of ∆ are displayed in Figure 8 . It can be seen that to obtain a 10% accuracy in the cross-section measurement in the most promising case for the M1 transition in 7 Li (E ex = 448 keV), one needs to know the low energy part of φ(ν e ) to better than 16%.
Neutrino disintegrations on deuteron involves three-body final state:
andν e + 2 H →ν e + p + n (E T = 2.226 MeV) (12) for the charged-(ν e dCC) and neutral-current (ν e dNC) channels, respectively. The dependence on the threshold energy E T is modified to
where E r is the reduced kinetic energy of the final proton and neutron, and m=m e and 0 forν e dCC andν e dNC, respectively. Forν e dNC, owing to the sharp increase in the cross-sections near threshold, only 0.43% of the events in a reactor experiment would originate fromν e of E ν < 3 MeV. Accordingly, the attainable accuracies in both channels are limited only by the uncertainties of the high energy part of φ(ν e ), which is about 5%. This is better than the experimental uncertainties [40] achieved at present.
One can extend the studies to the generic case where the neutrino interactions do not have thresholds but with an energy dependence parametrized by an index n, such that
The attainable accuracies for an integral cross-section measurement for different values of n as a function of the φ(ν e ) uncertainties ∆ are displayed in Figure 9 . As expected, cross-sections with large n favor large E ν such that the accuracies approach that for the high energy part of φ(ν e ), which is 5%. Interactions with n≤ −1, on the other hand, favors small E ν and the uncertainties approach that for the low energy part of φ(ν e ), which is ∆. The case of coherent scattering of low energy neutrinos on nuclei is characterized by n=2. At ∆=30%, the achievable accuracy for cross-section measurement is about 15%.
Summary and Discussion
The strong and positive evidence of neutrino oscillations implies the existence of neutrino masses and mixings, the physical origin, structures and experimental consequences of which are still not thoroughly known and understood.
Experimental studies on the neutrino properties and interactions which may reveal some of these fundamental questions are therefore interesting and relevant. Nuclear power reactors remain the most available and intense sources of neutrinos, and can contribute to these studies. The low energy (MeV scale) and that being related to the first family (and therefore allowing the possibility of anomalous matter effects) may favor exotic effects to manifest themselves. The low energy part of the reactor neutrino spectra is not well modeled yet. To study on detection channels other thanν e on proton, the low energy spectra will also have to be worked out and the accuracies shown to be in control. Future work along this direction will be of interest.
In this article, we discussed the origins of the possible effects which may lead to uncertainties in the modeling of the low energy reactor neutrino spectra. Neutrino emissions from long-lived isotopes as well as from final states due to neutron excitations have to be taken into account. We studied how the uncertainties may limit the sensitivities in measurements of reactor neutrino with electrons and nuclei. The discrepancies between results of Ref. [16] and the analysis of Ref. [11] can be explained by an under-estimation of the low energy part of φ(ν e ) by 57%.
In terms of experimental strategies forν e -e scatterings, one should focus on the high energy (>1.5 MeV) electron recoil events to optimize on the cross-section measurements. For magnetic moment sensitivities, it would be best to restrict to the <100 keV range where the uncertainties due to the Standard Model "background" are minimized. In particular, we showed that experiments which focus on the R 2 -type range will be limited in sensitivities in both cross-section measurements and magnetic moment searches − unless the precision of the low energy reactor neutrino spectra is demonstrated. An experimental program is being pursued at the Kuo-Sheng Power Reactor Plant [20] adopting these strategies. High-purity germanium detector is used to optimize on the detector threshold while CsI(Tl) crystal scintillators are adopted to study the high energy events taking advantage of their many merits [45] such as large available mass and yet being compact in size.
Artificial neutrino sources are attractive alternatives which may offer better systematic control. The event rates tend to be less than those with reactor neutrinos, unless both the source and the detector can be made very compact. For similar uncertainty levels on the source strength, the attainable sensitivities in both cases are comparable. To achieve the 10 −12 µ B range and beyond for magnetic moment searches, very low energy neutrino sources such that tritium is more appropriate, complemented with new detector technology with the range of 10-100 eV threshold. 
